The enzymes that are involved in these mechanisms have the same functions in the two fatty acid groups, and therefore the omega-6 and omega-3 fatty acids 'compete' for the same enzymes.
While from a chemical point of view the differences between omega-6 and omega-3 acids are very small, and may appear insignificant, they exert different and sometimes even opposite effects. These opposing effects are not easily explained. It was recently suggested [2] that the distinction between omega-6 and omega-3 PUFA is based on the differential capacity of protein in large, and membrane-bound protein in particular, to 'recognize' various PUFA. The dietary deficiency of omega-3 fatty acids, as well as the particular roles of omega-6 and omega-3, will become obvious as we take a deeper look into the ratio issue.
The Importance of the Ratio
There are several aspects to the issue of the optimal recommended ratio between omega-6 and omega-3 fatty acids. One aspect is the recommendation for total daily dietary intake in various phases of life (e.g. infancy, pregnancy, adulthood and old age). Another aspect is the optimal ratio of PUFA as a food supplement or treatment. PUFA are used in the body in a variety of conditions, such as in dermatological diseases and in cardiovascular disorders. One particular area is the role of PUFA in the brain and the utility of PUFA to protect and stabilize the neuronal membrane in health and in disease. Our comments in this chapter will be limited to PUFA in the central nervous system (CNS) and CNS conditions.
The effects of PUFA on brain function can be divided into at least five categories: (1) modification of neuronal membrane fluidity; (2) modification of membrane activity-bound enzymes; (3) modification of the number and affinity of receptors; (4) modification of the function of neuronal membrane ionic channels, and (5) modification of the production of neurotransmitters and brain peptides [3] .
Many studies have demonstrated that various PUFA mediate, or are associated with, several aspects of brain activity, ranging from the role of EFA in neuronal structure and functions, long-term potentiation (LTP), specific brain activation, prostaglandin activity, to neurological and mental disorders, to mood control. Unfortunately, the vast majority of these studies merely test one or two specific fatty acids, and there are very few solid studies that experimentally examine a wide range of ratios between omega-6 and omega-3. The following review will summarize the areas in which studies on ratios were performed, and will subsequently have to leave out some of the most fascinating areas such as depression, psychosis and pain.
Essential Fatty Acids, the Blood-Brain Barrier, and the Brain
Since EFA must be supplied via the diet, two major issues arise: Firstly, do EFA and PUFA have the possibility to cross the blood-brain barrier (BBB)? Recently, Rapoport [4] and Edmond [5] provided a detailed discussion on the complex mechanism of delivery of essential PUFA, as it progresses from the blood into the brain. In two developmental periods the involvement of the BBB is crucial, i.e. in infancy and in aging. The human infant is born with immature BBB and during these periods the structure and functions of the BBB are not at their optimal levels. There have been reports of structural changes in the BBB complex, in aging and in Alzheimer's patients [6, 7] , but despite the knowledge about structural changes, the knowledge of functional changes is quite limited. Most of the studies did not find changes in the rate of transport of PUFA into the brain during aging [e.g. 8, 9] . The important, but so far unanswered question is whether omega-6 and omega-3 fatty acids have different rates of transport into the brain.
The second issue regarding the BBB is the brain's ability to convert linoleic and alpha-linolenic acids into longer chain fatty acids, arachidonic acid (AA) and docosahexaenoic acid (DHA). Some researchers suspect that the immature brain of the infant is unable to convert these fatty acids to longer chain fatty acids. However, the majority of studies agree that even the infant brain indeed does have such capacity [4, 10] .
Brain Neurotransmitters and PUFA
The relationships between PUFA ratios and the various neurotransmitters, as described before [11] , are of special interest. It is important to note that omega-3 deficiency induced reduction in dopamine vesicle density in the cortex [12] , and malfunction of the dopaminegic mesocorticolimbic pathway [13] . The ability to recover from the dopaminergic effects of omega-3 deficiency is age-dependent [14] [15] [16] . Also, the effects of alpha-linolenic acid for recovering from omega-3 deficiency is dependent on spatial configuration. The transisomer of alpha-linolenic acid is inactive and if not enough cis-isomer is supplied, a state of omega-3 deficiency will occur [16] . Some studies indicate similar effects on the serotonergic system [17] .
Membrane Fluidity and Myelin
Before considering the effects of PUFA on brain-mediated functions, the effects of PUFA on brain structural components must be elucidated. Fatty acids and lipids are major components in brain structure. Very high levels of fatty acids and lipids can be found in two structural components; in the neuronal membrane and in the myelin sheaths. The neuronal membrane is composed of two lipid layers. The ratio between the proteins and the lipids is about 50-50%, while lipids (about 70%) constitute the majority in the myelin sheaths (about 30%). The protein component is especially stable, while the lipid component has a relatively high turnover rate.
In order to understand the diverse functions, which seem to be mediated by the various PUFA and by the ratio of omega-6 to omega-3, we [18, 19] proposed that the membrane fluidity index is the common denominator for the various effects of PUFA. Some molecules are able to change the physical state (e.g. the fluidity index) of the membrane. For example, alcohol fluidizes the membrane, while cholesterol hardens it. There are two basic questions regarding the hypothesis that PUFA are able to modify the neuronal membrane fluidity index; firstly, whether changes in the lipid component of the neuronal membrane (e.g. different ratio of various fatty acids) would lead to changes in the neuronal functions, and secondly whether supplementation of various fatty acids would affect the composition and the function of the neuronal membrane. A number of studies have shown that EFA supplementation, under certain conditions of composition and time, indeed modifies both the structure and membrane function (summary can be found in Yehuda et al. [20] ). (More detailed studies will be described below.)
The integrity of the myelin is of utmost importance for the proper functions of axons in the nervous system. Breakage or lesions in the myelin can lead to disintegration of many of the nervous system functions. Recent studies emphasize the major role of dietary EFA to the normal functions of myelin. Moreover, the EFA are very important in the active phase of the myelin synthesis. If EFA are not available in this phase, or metabolically blocked, amyelination, dysmyelination or demyelination may occur [21, 22] . If EFA deficiency occurs during the postnatal period, a major delay in the myelination process will occur, accompanied by impaired learning, motor, vision, and auditory abnormalities [23] . It is of great interest to note that similar impairments in the myelination process and in the cognitive function can also be found in postnatally iron-deficient rodents and humans [24] . Disorders, which are associated with myelin malfunction or with dysmyelination, can also occur during the adult period. One such disorder is multiple sclerosis. The rate of myelin lipids turnover is age-dependent. The turnover rate is very slow during aging, and therefore the rate of repairing damaged sections of myelin is slower in aging [25] .
Prostaglandins
One major issue among the PUFA researchers is what particular fatty acid among the omega-6 or omega-3 PUFA group is preferable to study. On the one hand, some prefer to study linoleic and alpha-linolenic acids, as these are the precursors to all other PUFA molecules and they have a powerful effect on the neuronal membrane. Others prefer to study longer chain fatty acids, as they are the precursors to the special group of prostaglandins.
Essential fatty acids are considered to be a special class of unsaturated fatty acids that also act as precursors of yet other types of fatty acids. Most of the prostaglandins are derivatives of AA (arachidonic acid; itself derived from omega-6) or from DHA (docosahexanoic acid, omega-3) and all of them have a high physiological, hormone-like, activity level. A review on prostaglandins was recently published [19] . The various prostaglandins are involved in numerous brain functions, sometimes with conflicting or opposing effects. Prostaglandins are involved in functions such as regional blood flow and permeability of various biological membranes. It has been suggested that prostaglandins are also involved in the functional level of the activity of cAMP (a second messenger) in the cells. The behavioral and physiological effects of a specific ratio of an omega-6/omega-3 compound (in a ratio of 4:1) correlates with changes in the fatty acid profile and with changes in the cholesterol level [20] . It may well be that such a compound has an effect on the prostaglandin system as well and mediates the behavioral and biochemical changes that have been observed in the rats. There is evidence that prostaglandin D 2 has a profound beneficial effect on sleep. On the other hand, other prostaglandins enhance CRF (corticotropinreleasing factor) activity, which enhances wakefulness. CRF, in turn, induces the release of prostaglandins. Prostaglandins also enhance TRH (thyrotropinreleasing hormone) release, and stimulate the dopaminergic and noradrenergic receptor activity, while beta-endorphin inhibits the prostaglandin synthesis [11] . Very few studies examine the effect of different ratios on production and/or activity of various prostaglandins.
Cholesterol and Fatty Acids
The membrane fluidity index is dependent on two major factors: (1) the level and the composition and percentage of PUFA in the membrane, and (2) the level of membrane cholesterol. An increase in the PUFA level will result in fluidizing of the neuronal membrane, while an increase in cholesterol will harden the membrane. The membrane should be at an optimal physiological gel state. Therefore, cholesterol, which is a complex lipid, is involved in many functions in the membrane. It is well established that cholesterol decreases the membrane fluidity index, which affects the activity of ion channels and receptor functions, as well as the dopamine release. Moreover, cholesterol is a key molecule in the end product of the CRF-ACTH (adreno-cortico-tropic-hormone) axis. Considering that steroids are derivatives of cholesterol, it is of great interest to find that various fatty acids have differential effects on cholesterol metabolism. Many reliable studies confirm that the administration of omega-6 fatty acids reduces the level of cholesterol in the blood. However, omega-6 fatty acids and omega-3 fatty acids differ in their mode of action in cholesterol reduction, such that omega-6 fatty acids redistribute cholesterol while the omega-3 fatty acids actually reduce the level of cholesterol in the neuronal membrane. This may explain why an increase in the cholesterol level in the blood is found in humans who consume omega-3 fatty acid supplements. It has been demonstrated that omega-3 essential fatty acids are more effective in reducing cholesterol levels in macrophages than omega-6 essential fatty acids. This is most probably due to the differential effect on the enzyme acyl-coenzyme A activity. However, some studies have indicated that cholesterol-esterifying enzymes that incorporate free fatty acids into cholesterol esters, without the participation of CoA, are also present in the rat brain [26] .
The mechanism by which omega-6 or omega-3 fatty acids are able to reduce the cholesterol level in the blood or in the neuronal membrane is still unclear, although several hypotheses have been proposed. For example, Bourre et al. [27] claimed that alpha-linolenic acid controls the composition of nerve membranes, which implies an inverse relationship between alpha-linolenic acid and cholesterol level. Salem et al. [28] proposed that docosahexanoic acid (DHA) controls the level of cholesterol as well as the composition and function of the neuronal membrane. Another approach [unpubl. data] suggests that the differential effects of omega-6 or omega-3 on the cholesterol level, depends on the activity of PUFA on reduced LDL-receptor activity. A negative correlation was found between membrane cholesterol level and improvement in learning capacity. A number of studies provide support for reducing neuronal membrane cholesterol by dietary supplementation of an omega-6/omega-3 compound in a ratio of 4:1 [29] . Such correlation was not found with other ratios. It is possible that this specific ratio (4:1) optimizes uptake of PUFA into the brain and promotes fatty acid incorporation into the neuronal membranes, while displacing cholesterol out of the membrane. The issue of the cholesterol neuronal membrane level is very important, as the level of cholesterol (and cholesterol metabolites) in the aging and in the Alzheimer's patient's brain is very high.
Omega-3 Deficiency
The method of inducing omega-3 deficiency via diet is a powerful tool to investigate the role of omega-3 in various brain functions. While most studies in this area involved the omega-3 deficiency issue, by definition, the ratio of omega-6 and omega-3 in experimental diets was different from the ratio in normal or balanced diets. Studies have shown that omega-3-deficient rats (mostly the 3rd generation with deficiency) exhibited poor learning and memory performances in a variety of tests, such as Morris Water Maze [30, 31] , and olfactory-based learning and memory tasks, mainly in complex (vs. simple) learning [32, 33] . In addition, sensory deficits were evident in those rats, such as visual problems [34, 35] . One of Salem's studies [28] is of specific interest in this aspect; his omega-3-deficient rats showed very poor performance in spatial tasks and in olfactory-cued reversal learning tasks. However, he did not find any difference in the hippocampus gross morphology. Several hypotheses can be offered to explain the finding of poor learning. Omega-3 deficiency induces a significant decrease in the neuron size in the hippocampus, hypothalamus and cortex [36] -brain areas that mediate spatial and serial learning. In addition, omega-3 deficiency induces a significant reduction in cerebral catecholamines [37] , in glucose transport capacity and glucose utilization in the brain [38] , in the cyclic AMP level in the hippocampus [39] , and in brain phospholipid synthesis capacity in the brain and in hypothalamus [40, 41] . Each one of those changes (in the levels of catecholamines, glucose, cAMP and phospholipids) can induce learning deficit.
The above-mentioned studies demonstrate two points; firstly, the essentiality of omega-3 fatty acids to the structure and normal function of the brain. Secondly, they demonstrate the importance of the ratio. It is impossible to induce omega-3 deficiency without offsetting the ratio between omega-6 and omega-3 in the diet. Though the authors did not specifically discuss the ratio of their control diet, our own calculations of the dietary information in the above-mentioned studies showed that they in fact used the ratio of omega-6/omega-3 of 4:1-5:1.
Early Development
Most studies on omega-3 deficiency singled the early development periods as an important, and almost 'critical' period for brain development.
Studies stress the importance of the influence of the fatty acids profile in mothers' milk on brain maturation. Jumpsen et al. [42, 43] showed that even small changes in the ratio of omega-6 to omega-3 in the diet, during neuronal and glial cell development, have significant effects on the development. He showed that a ratio of 4:1 was the optimal ratio for the development of the frontal cortex, hippocampus, cerebellum and glial cell number in developing rats. Small changes in the ratio, such as 6:1, impaired the rate of development.
Though the discussion whether the addition of long chain PUFA (LCPUFA) to baby formula is recommended is outside of the scope of this chapter, it seems that the importance of the level of PUFA and the omega-6/omega-3 ratio in the diet of the infant, in this sensitive development period, is emphasized by a great number of studies [44, 45, 23] .
Learning and Memory
The above discussion demonstrated that various fatty acids serve different roles in the nervous system and in the body and it has been suggested that the nervous system has an absolute molecular species requirement for proper function. Studies in our laboratory confirm this finding, and even suggest an added qualifying requirement, viz. the need for a proper ratio between the essential fatty acids. Many studies examine the effects of various fatty acids on learning and memory, but very few examine the ratio between various PUFA. We experimentally tested our hypothesis that the ratio of omega-6 and omega-3 may be a key factor in modulating behavioral and neuropharmacological effects of polyunsaturated fatty acids. Therefore, we attempted to identify the optimal ratio. To avoid the variations that occur in the composition of fatty acids in commercially prepared oils, and to exclude the possible confounding effects of other fatty acids or lipid mixtures, we used highly purified linoleic and alpha-linolenic acids. We tested a wide range of ratios of linoleic/alpha-linolenic acid (3:1, 3.5:1, 4:1, 4.5:1, 5:1, 5.5:1, 6:1 (vol/vol)), which were administered as dietary supplements. All animal studies were conducted on rats, fed normal diets, as recommended by the American Institute of Nutrition (AIN). We found that a mixture of linoleic (omega-6) and alpha-linolenic acids (omega-3) with a ratio of 4:1 was the most effective in improving learning performance (as assessed by the Morris Water Maze, and passive avoidance), elevating pain threshold, improving sleep, and improving thermoregulation [46] . This ratio was also able to correct learning deficits induced by the neurotoxins AF64A and 5,7-dihydroxytryptamine [47] , treatments that decrease the acetylcholine and serotonin brain levels. Similarly, this ratio overcame learning deficit induced by 6-OH-DA (e.g. reduction in brain dopamine level) [48] . Treatment with a single fatty acid was less successful [49, 50] .
EFA, Aging and Alzheimer's Disease
Aging is a special period during development. The aging brain is different in many aspects from the adult brain. Among the many brain changes (e.g. decrease in the level of most neurotransmitters and hormones and an increase in cholesterol in the neuronal membrane) is that the level and the ratio of EFA is modified. PUFAs are major molecules responsible for regulating cellular differentiation and apoptosis [51] . Most of the studies on aging report a significant decrease in the level and turnover of PUFA [52] [53] [54] [55] . This major change is a significant decrease in omega-3 fatty acids, such as ␣-linolenic and DHA [56] . The magnitude of the decrease in the ratio is not uniform in all brain areas. While the decrease is significant in the cortex, striatum and hypothalamus, the most profound decrease was found in the hippocampus [57] . During aging, there is a significant change in the transition temperature of the lipids, a change which is more profound in Alzheimer's patients [58] . This change causes the membrane to be more rigid. The most studied fatty acids, in this respect, are DHA (docosahexanoic, omega-3) and AA (arachidonic, omega-6). While the level of both fatty acids is very low in the neuronal membrane of the aged hippocampus in rats, treatment with omega-3 fatty acids improves the membrane status [59, 60] . Basically, there are two ways to explain the low level of PUFA in the aging brain, viz. the low rate of transport of PUFA from the blood into the brain, and the impaired biochemical machinery that normally is expected to incorporate and elongate the fatty acids. These two alternatives are directly related to their respective parent issues: the problem of the blood brain barrier and the dynamics of FA brain metabolism. The brain of an Alzheimer's patient undergoes more severe changes than the brain of a healthy elderly person. Among the major changes, that are relevant to our issue, is (1) the decrease in the neurotransmitter acetylcholine in the brain (and in particular in the hippocampus), and (2) the major double change in the brain lipids, whereof one is the significant increase in cholesterol level in the neuronal membrane, accompanied by a decrease in total PUFA level. And the other is the change in the omega-6 and omega-3 ratio. The level of omega-3 fatty acids (mainly DHA) is severely reduced [61] . Those changes have direct effect on the membrane fluidity index, causing the membrane to become more rigid and eventually to malfunction.
Alzheimer's disease is a progressive and degenerative age-related dementia. Among the major symptoms are: short-and long-term memory loss, impairment of speech and language, decline of abstract reasoning, and mood change. The hallmark sign of Alzheimer's disorder is the loss of spatial orientation. Most researchers agree that the hippocampus is responsible for this function, and indeed postmortem studies showed shrinkage of the hippocampus in Alzheimer's patients. The etiology of this disorder is not known, but many of the theories have been summarized in [62] . Our preliminary studies show that administration of a mixture of linoleic and alpha-linolenic acids, in a ratio of 4:1, improves the Mini Mental State Examination (MMSE) and quality of life test scores of Alzheimer's patients [62] . Treatments with other ratios did not improve the Alzheimer's patients' condition. Administrations of a single fatty acid, i.e. DHA, did not improve the Alzheimer's condition by much [63, 64] . These results reflect similar results that were obtained in animal experimental models of Alzheimer's.
Seizure
The relationship between lipids and fatty acid metabolism on the one hand, and seizures on the other, has been previously described [65, 66] . The general finding shows a gross disturbance in the fatty acid metabolisms [67] [68] [69] [70] [71] [72] . One of the effects of a seizure is the transient disruption of the blood-brain barrier structure and functions [73, 74] . A well-known application of fatty acids in the diet for the treatment of epilepsy is represented by the ketogenic diet for children with refractory seizures [75, 76] . The promise of therapeutic effects that may be realized from ketogenic diets continues to be reaffirmed by many clinical investigators [77, 78] .
The possible mode of action to account for the involvement of brain lipids in seizures was recently summarized [65] : Lipids are important constituents of the neuronal membrane and changes in the fatty acid profile may alter membrane functions. 1. Essential fatty acids and phospholipids may offset the deleterious effects of substances that induce seizures, such as iron, that have been shown to increase lipid peroxidation. 2. Essential fatty acids and phospholipids may offer stability in membrane fluidity that may otherwise be associated with seizures. 3. Essential fatty acids and phospholipids may control the alteration in neuronal membrane phospholipid metabolism that may result from the high prevalence of excitatory amino acid receptors in the epileptic focus. 4. A genetic link may exist between epilepsy and PUFA deficit [79] , and a mixture of DHA and EPA may provide some measure of correction. 5. Essential fatty acids may serve as neuroprotectors in the brain, similar to effects observed in the heart, as shown in recent studies where alphalinolenic acid (but not palmitic acid) was found to protect against ischemicinduced neuronal death, and to prevent kainic-induced seizures and its associated neuronal death [80, 81] .
Apart from the interest in PUFA as a stabilizing agent for the neuronal membrane in seizure, is a growing interest in the use of the ketogenic diet in epileptic children. This diet is high-fat and low-carbohydrate, and is used to control intractable seizures in children. The abandoned ketogenic diet was very popular in the past and is currently being re-examined [82] [83] [84] [85] .
Multiple Sclerosis
Multiple sclerosis (MS) is characterized by active degradation of the central nervous system myelin, with clinical symptoms depending on the brain areas that are undergoing the demyelination. The etiology of MS is unknown; however, one of the major symptoms associated with MS is the deterioration of cognitive functions [86] . While an ideal animal model of MS unfortunately is unavailable, experimental allergic encephalomyelitis (EAE) is considered to be the best available substitute [87] .
Relationships between MS disease and lipids and fatty acids have been proposed in the past [88, 89] , with changes in lipid metabolism reported for MS patients [90, 91] . In addition, changes in the level of cholesterol in the brain of MS patients have been described [92] .
Studies show that administration of a mixture of 4:1 omega-6 to omega-3 fatty acids, exerts beneficial effects in rats given a diluted dose of the EAE toxin. The EAE rats showed learning and motor deficits as well as major changes in the fatty acids profile and the cholesterol level in frontal cortex synaptosomes. This treatment was, to a significant degree, able to rehabilitate the changes induced by EAE, though not to completely reverse the deficits to the level of normal control. None of the other PUFA ratios were as effective as the ratio of 4:1 [93] .
EFA and Sleep
Sleep quality is a major problem in the modern society. Vast numbers of 'healthy people' complain about the quality of their sleep. One of the major complaints is that sleep does not refresh them enough. In addition, many disease states are associated with objective or subjective sleep disturbances. The presumed neurochemical basis for the relationships between EFA and the different sleep stages was recently reviewed [11, 94] .
We already showed that the particular EFA ratio of 4:1, when given to Alzheimer's patients, significantly reduced their complaints about sleep problems, and the quality of their sleep indeed improved [62] .
In addition to the above, we have more data that has not yet been published. The new data includes three separate studies. In all the studies, a wide range of EFA ratios were tested, and in all the studies, the ratio of 4:1 was shown to be the optimal ratio. Two human studies were also performed:
(A) In an open trial, the 4:1 ratio was administered for 1 month (48 subjects, aged 24-46, 55% males and 45% females). The results showed improvement in the subjective feeling about sleep (as measured by interview). Only 3 subjects (out of the 48 subjects) said that their sleep was not improved. No other ratio had this high rate of success.
(B) 48 students (age: 21-27 years, 24 males and 24 females) were included in the study. All subjects were healthy, with no history of depression or sleep disturbances. In addition to the medical examination, each subject answered the Hebrew version of the sleep index (Pittsburgh Sleep Quality Index) before entering the study as well as on the 28th day of the study. The sleep index is intended to measure sleep quality and to identify good and bad sleepers. This index does not provide clinical diagnosis.
The Hebrew sleep index (Bar Ilan University addition, 2001) has 21 questions, examining seven subscales of sleep (three questions for each subscale). The subscales are: sleep quality; sleep latency; sleep duration; sleep efficiency; sleep disturbance; sleep medication; daytime dysfunction. The total score of the sleep index is between 0 and 21. The higher scores indicate poorer sleep. The researchers claim that a global score of above 5 may indicate that the subject has severe difficulties in two areas or moderate difficulties in three areas. Table 1 shows the results of the study both as sleep index total scores and in each subscale. The total sleep index score decreases from 7.2 at the beginning of the study to 3.8 after 28 days (p Ͻ 0.001). In all the subscales, except one, statistical significant differences (p Ͻ 0.001) were found. Only the subscale of 'sleep medication' was not affected in this study. The use of sleep medications in this age group is rare, and the baseline was very low.
In conclusion, the 4:1 ratio showed beneficial effects in this group of students. This is a group which is generally highly stressed and the general comment was that the 4:1 ratio helped them to study more effectively.
In order to investigate the effects of the 4:1 ratio on sleep parameters in rats, a group of Sprague-Dawley male (about 200 g body weight) rats (n ϭ 36) were used. EEG electrodes were fixed to the rats' heads. All materials and methods are described in the paper by Conrad et al. [95] . The cage of each rat was on an activity meter. The original group of 36 rats was divided randomly into three groups: (1) no treatment for 4 weeks; (2) a daily i.p. injection of saline for 4 weeks, and (3) a daily injection of 40 mg/kg 4:1 ratio for 4 weeks. Measurements of EEG profile and motor activity were done on days 0 and 28. The results are presented in table 2.
The results show that the 4:1 ratio treated rats improved their sleep profile. They were awake for a longer period of time, the REM sleep periods were longer, and they had shorter non-REM periods. The total motor activity level was higher in the 4:1 ratio treated group. The difference between the 4:1 ratio group at day 28 and the other groups is statistically significant (p Ͻ 0.05).
The combined results of human and rat studies clearly indicate that the 4:1 ratio only possesses beneficial effects on sleep quality and therefore on daytime performance. 
Stress, Cortisol and Learning
The importance of the differentiation among the various types of fatty acids may be appreciated by noting their effects on immunological and endocrinological factors. For example, omega-3 fatty acids suppress the synthesis of interleukin-1 and 6 and enhance the synthesis of interleukin-2, while omega-6 fatty acids have the opposite effect. It should be recalled that both interleukin-6 and interleukin-1 (and to a lesser degree interleukin-2) promote the corticotropin-releasing factor (CRF) release via arachidonic acid. However, CRF inhibits the stimulating effect of interleukin-1 on the prostaglandin synthesis.
Cortisol exerts powerful effects on all body tissues. It increases the level of glucose in the blood, stimulates the breakdown of proteins into amino acids, inhibits the uptake of glucose by muscle tissues (except in the brain) and regulates the response of the cardiovascular system to persistent high blood pressure. All of these actions constitute the 'fight or flight' response, which helps the organism to cope with stress situations. Recent studies, however, indicate that cortisol may have some damaging effects, including deterioration of learning and memory. Human studies on normal, aged, depressed, Cushing's syndrome patients, as well as mentally ill patients, have demonstrated a strong negative correlation between cortisol levels and learning and memory in a wide range of cognitive tasks. In rats, cortisol induces deterioration in spatial task performance as measured by the Morris Water Maze (MWM) test. These negative effects may be explained by the fact that cortisol interferes with physiological mechanisms crucial to the structure, and function of the hippocampus. For example, stress is known to cause atrophy of the hippocampal dendrites, damage to the pyramidal neurons, and to interfere with synaptic activity. It is most likely that this morphological and functional hippocampal damage results from high levels of cortisol.
Recently we demonstrated that a specific mixture of free essential fatty acids [linoleic (18:26) and alpha-linolenic (18:33) ] is able to reduce the levels of cholesterol in brain neuronal membranes [96, 20] .
Hippocampal functions, which include spatial learning abilities, can be assessed through the MWM. This popular test is used to evaluate potential drugs for Alzheimer's disorder, since Alzheimer's patients exhibit great difficulties in spatial orientation. Independent of hippocampal effects, hypothermia was also shown to impair learning, as evaluated by using various tests, including the MWM performance test, which is specially meant for spatial learning.
Further interest in the relationships between cortisol and learning arose when recent findings showed an increase in the level of cortisol in Alzheimer's patients, who were also shown to have elevated levels of interleukin-6 (IL-6). It should be noted that IL-6 receptors were found in the adrenal cortex, and that the level of cortisol is raised by IL-6, which in turn is increased by general stress and cold.
Our study [97] showed that a mixture of linoleic and alpha-linolenic acids, administered for 3 weeks prior to injection of cortisol (10 mg/kg), or prior to immersion of rats in a 10ЊC saline bath, blocked the elevation of cortisol and cholesterol blood levels. In addition, this treatment protected the rats from the spatial learning deficits that usually accompany the stressful conditions in the Morris Water Maze. Moreover, a recent study showed that certain anti epileptic drugs induce an increase in the cortisol level. The PUFA mixture at a 4:1 ratio can reduce the elevated cortisol level and has anti convulsant effects [98] . Only this ratio has the effect of decreasing elevated cortisol levels.
Conclusions
This review related mainly to linoleic and alpha-linolenic acids. The ratio between omega-6 and omega-3 can also be maintained by using longer chain fatty acids, such as AA and DHA. However, very few studies have been carried out on the balance between the LCPUFA balance or ratio and brain function. The few studies, that in fact did examine this area, were recently summarized [99, 100] , and demonstrated the importance of the ratio between omega-6 and omega-3.
It might very well be that the required ratio of omega-6 and omega-3 may differ when used for different tissues or functions. One can understand that a ratio of 1:1 is the optimal ratio for preventing cardiovascular diseases, and another ratio would be optimal for cancer prevention. We are merely suggesting that a ratio of 4:1 is the optimal ratio for brain-mediated functions. The question is; how can it be that PUFA is of help to organisms that are only capable of obtaining it from the diet? Our hypothesis is that omega-6 and omega-3, in a ratio of 4:1, act within the neuronal membrane and improves the membrane fluidity index, which is the key to all neuronal activity. Other researchers have also recommended the ratio of 4:1. The results of those studies were earlier summarized by Yehuda and Carasso [46] , and again more recently by Horrocks and Yeo [101] . We have difficulties explaining why this particular ratio is best. One possibility is that the preferred ratio for omega-6 and omega-3 PUFA depends on the competition of the same enzymes for desaturation and elongation. Another possibility is that PUFA, in this ratio, are able to create micella, which protects them. Whatever the biochemical basis could be, the results showed that the 4:1 ratio has protective and stabilizing effects on the neuronal membrane.
